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Abstract The Atomic Force Microscope (AFM) scans the topography of a sample surface using a micro-
sized flexible cantilever. In tapping-mode AFM, the tip–surface interactions are strongly nonlinear,
rapidly changing and hysteretic. This paper explores, numerically, a flexible beam model that includes
attractive, adhesive and repulsive contributions, as well as the interaction of the capillary fluid layers
that cover both the tip and the sample in ambient conditions common in experiments. Forward-time
simulation has been applied with an event handling numerical technique for dynamic analysis, and the
Amplitude–Phase–Distance (APD) curves have been extracted. The branches of periodic solutions are
found to end precisely where the cantilever comes into grazing contact with event surfaces in state space,
corresponding to the onset of capillary interactions and the onset of repulsive forces associated with
surface contact. The dissipated power, in the presence of conservative tip–sample interaction forceswhere
the source of hysteresis is the formation and rupture of a liquid bridge between the tip and the sample,
has beenmeasured too. This simulation provides amore accurate way to validate the design of a new AFM
probe and AFM controller than simulations which use the lumped-mass model.
© 2011 Sharif University of Technology. Production and hosting by Elsevier B.V.
Open access under CC BY-NC-ND license.1. Introduction
Atomic Force Microscopy (AFM) plays an important role in
studying the surface topography of materials and measuring
intermolecular forces [1–3]. Tapping Mode Atomic Force Mi-
croscopy (TMAFM) reduces sample destruction, in comparison
to contact mode, and, as a result, is widely used for studying
compliant materials such as polymers, biomaterials and semi-
conductors [2,4].
The interaction forces between the cantilever tip and the
sample are dependent nonlinearly on the separation between
them and, as a result, the dynamics of TMAFM are strongly
nonlinear. In each limit of separation between the cantilever
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Open access under CC BY-NC-ND license.tip and sample, different forces are applied on the cantilever
tip. As a result, TMAFM interaction mechanics have a hybrid
form, which causes hysteretic dynamics for it. As a result, the
modeling, analyzing and studying of AFMdynamics are difficult.
Thus for a given set of parameters, there often exist multiple
stable responses. Noise can cause the cantilever to switch
between the solutions [5–9]. This causes the development
of a control scheme to select the desirable solution to be
attractive [10]. Earlier work has shown that two branches of
stable oscillations are found by varying the excitation frequency
during the operation of a tapping-mode AFM. Garcia and
San Paulo have found that the bistable behavior is due to the
attractive and repulsive tip–sample interactions. They have
investigated the cantilever dynamics in different separations
between the cantilever tip and sample and, also, in different
excitation frequencies close to cantilever natural frequency.
This permitted an exploration of the attractive and repulsive
regimes and the transition between multiple stable solutions
[4,5,11,12].
Dankowicz et al. have used a discontinuitymapping analysis
to study in detail the instabilities for a variety ofmodelswithout
the capillary force [7,13]. Due to capillary condensation,
when the AFM tip approaches the sample, a nanoscale water
bridge forms between the tip and the sample. Much research
has been done to study and understand the physics of the
nanoscale water bridge [14–16]. Zitzler et al. [6] explored
the role of capillary forces resulting from thin layers of
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Capillary force is common under many operating conditions
due to humidity in the surrounding air. It was found that
the dynamics responses jumped from low amplitude to high
amplitude periodic solution when the critical amplitude of
oscillation was surpassed. One important event in micro and
nanomechanical systems, such as the AFM, is energy dissipation
at the nanoscale [17,18]. Capillary force can also be one source
for this energy dissipation.
The aim of this paper is to explore the effect of capillary
force on the dynamics of TMAFM when it is operated in air.
For modeling, we have used a continuous beam model which
can show the dynamics of the cantilever more accurately
in comparison to a lumped-mass model. For simulation of
the hybrid dynamics of TMAFM, we have created a proper
numerical algorithm that uses forward-time simulation and an
event handling function. It can carefully treat the discontinuous
andhysteretic spatial dependence of force interactions between
the cantilever tip and sample surface. We have compared the
results with those of Zitzler et al. [6]. In contrast to Zitzler
et al. [6], this paper therefore embraces the piecewise nature of
the system definition and analyzes the dynamics of cantilevers
using the flexible beam model.
2. Physical model of the tip surface interactions
2.1. Modeling of the tip–sample interaction force
In the application of AFM in an air tip–sample forces are
composed of the long-range van der Waals attractive force
(Fv), capillary force (Fc) due to water layout coating both the
cantilever and the sample, and repulsive force (Fr ) due to the
contact between the tip and the sample. In this model, DMT
contact force (FDMT) is used. The force between the tip and the
sample is a function of the separation between them and so is
variable by time [6].
Assume the tip–sample distance is d. When the tip
approaches the sample, before reaching separation don, the
tip–sample force is just the van der Waals force, and after that,
the capillary force is added too. The capillary force arises from
interactions between thin films of water of depth h that cover
the sample, and the cantilever tip due to ambient humidity.
As separation d falls below a critical distance (distance of the
beginning of capillary force), don = 2h, a connective column
of liquid is established. Upon retracting away from the surface,
the liquid column forms a meniscus and neck until eventually
breaking, as the separation increases beyond a critical distance,
doff = V 1/3 − V 2/3/5R, where V is the meniscus volume. In the
molecular distance, a0, repulsive force (Fr ), caused by Pauli and
ionic repulsion, is applied too. In the separation where d < a0,
van der Waals and capillary forces are assumed constant and
equal to their values, when d = a0. When retracting from
the sample, the capillary force continues until the separation
of doff > don.
The van der Waals force is defined by:
Fv(d) = −HR/(6d2),
where H is the Hamaker constant and R is the radius of
curvature of the cantilever tip. In the presence of the liquid
column, the force interaction caused by the water layers can be
modeled as:
Fc(d) = −4πγwR/(1+ d/h),Figure 1: A schematic of AFM cantilever model. Fts is the tip–sample force
applied on the tip. D is the instantaneous tip–sample separation and d0 is the
equilibrium distance between the cantilever and sample.
where γw is the surface energy of water. Using the DMT theory,
this repulsive interaction is given by:
Fr(d) = 43E
∗√R(a0 − d)3/2.
The effective Young modulus is given by:
E∗−1 = (1− v2t )/Et + (1− v2s )/ES,
where Et , Es, υt and υs are the Youngmodulus and Poisson ratio
for the tip and the sample, respectively.
2.2. Modeling of the cantilever coupled with the sample surface
As shown in Figure 1, assume we have a cantilever with
length L, density ρ and Young modulus E. x is the axis along
the cantilever, z is the vertical axis and y is the lateral axis. d0
is the equilibrium separation between the tip and the sample
or the position of the cantilever holder from the sample surface
in the reference coordinate (X0Y0Z0) and d is the instantaneous
separation between them. A sinusoidal magnetic point driving
force, fd, is applied at x = l1, and the tip–sample interaction
forces, Fts, are applied at the tip position, x = l2, which is
normally approximately equal to L.
With the Bernoulli–Euler beam theory, the dynamics
equation that describes the vibration of the cantilever coupled
with external force is given by:
EI
∂4w(x, t)
∂x4
+ ρA∂
2w(x, t)
∂t2
= fd(t)δ(x− l1)
+ Fts(d(t))δ(x− l2), (1)
where δ(x) is the dirac function, w(x, t) is the transverse
deflection of the cantilever and d(t) is the instantaneous
distance between the tip and the surface given by:
d = d0 + w(l2, t), (2)
where w(l2, t) is the transverse deflection of the cantilever at
the point of tip location. By assuming that the modal shapes
are not affected by external force, the governing equation of
the forced system can be solved by the separation of variables
method, as follows:
w(x, t) =
∞−
i=1
φi(x)qi(t), (3)
where qi(t) is the ith time solution and ϕi(x) is the ith shape
mode expressed in the following form:
φ(x) = A sin kx+ B cos kx+ C sinh kx+ D cosh kx, (4)
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determined by the boundary conditions. By substituting the
transverse displacement of the cantilever, Eq. (3), into the
governing equation (1), we can get:
EI
ρA
∞−
i=1
φ′′′′i qi +
∞−
i=1
φiq¨i = 1
ρA
{fd(t)δ(x− l1)
+ Fts[d(t)]δ(x− l2)}. (5)
It can be derived from Eq. (4) that:
φ′′′′i = k4φi(x) =
ρA
EI
ω2i φi(x). (6)
Hence, Eq. (5) is rewritten as:
∞−
i=1
ω2i φiqi +
∞−
i=1
φiq¨i = 1
ρA
fd(t)δ(x− l1)
+ 1
ρA
Fts[d(t)]δ(x− l2). (7)
Due to the orthogonality property ofmodal shapes, by taking an
integral operator
 L
0 φ() on both sides, Eq. (7) can be simplified
into a series of decoupled ordinary differential equations,which
are given by:
q¨j(t)+ ω2j qj(t) =
1
ρAIj
{fd(t)φj(l1)+ Fts[d(t)]φj(l2)}, (8)
where:
Ij =
∫ L
0
φj(x)φj(x)dx,
and:
j = 1, 2, . . . ,∞.
After augmenting proportional damping, we can get the
dynamics equation for each mode of the cantilever as follows:
q¨j(t)+ 2ζjωjq˙j + ω2j qj(t) =
1
ρAIj
{fd(t)φj(l1)
+ Fts[d(t)]φj(l2)}. (9)
By solving Eq. (9), numerically, we can gain the time solution,
and by using Eq. (3), the solution of the cantilever dynamics can
be gained.
2.3. Hybrid dynamical system
For defining more precisely the dynamics of the system, we
will redefine the physical model discussed in Eq. (9) as a hybrid
dynamical system supporting rigorous simulation formalism
within which the bifurcation characteristics of the AFM during
tapping-mode operation may be carefully explored. Consider
that the three-dimensional continuous state vector, X , is given
by:
X =
x1
x2
x3

=
 q
q˙
ωdt mod 2π

, (10)
where x1 and x2 are the states of Eq. (9), while x3 describes
the instantaneous phase of the periodic driving. A complete de-
scription of the instantaneous state of tip–sample interactions,
which show the specific combination of tip–sample interaction
forces in each separation, is necessary too. For this purpose, let
i denote a discrete state variable, such that:Table 1: An exhaustive list of all possible nondegenerate transitions
between tip–sample interaction states.
h ia ib
d− don 1 0
d− a0 2 1
a0 − d 1 2
doff − d 0 1
Fts(w(l2, t), i)
=

− HR
6d2
i = 0
− HR
6d2
− 4πγωR
1+ d/h i = 1
− HR
6a20
− 4πγωR
1+ a0/h +
4
3
E∗
√
R(a0 − d)3/2 i = 2.
(11)
In Eq. (11), i = 0 corresponds to the state in which the tip–
sample interaction force is an entirely attractive van der Waals
force, i = 1 corresponds to the state in which the tip–sample
interaction force is a combination of attractive van der Waals
and capillary force contributions, and i = 2 corresponds to the
state inwhich the tip–sample interaction force is a combination
of van der Waals, capillary force and repulsive force contribu-
tions. Using Eqs. (9) and (10), first-order differential equation
(12) is gained:
X˙ = f (X, i)
=

x2−2ζjωjx2 − ω2j x1+ fd(t)
ρAIj
φj(l1)+ fts(w(l2, t), i)
ρAIj
φj(l2)

ωd
 . (12)
The discrete-in-time changes of state variable i and the event
functions (h) are given in Table 1. ib is the value of the index be-
fore the triggered event and ia is the value of the index after the
triggered event. The event function, h, shows a transversal zero
crossing from positive to negative values and triggers the indi-
cated discrete change in the index variable, for example i = 0
whenever d > doff, and i = 2, whenever d < a0. Each row of
Table 1 corresponds to a transition between two distinct com-
binations of tip–sample interaction triggered by a transversal
zero crossing of a characteristic event function from positive to
negative values.
3. Simulation and discussion
3.1. Parameters and details of the numerical calculation
We explore AFM dynamics by numerically integrating for-
ward in time Eq. (12), using the event handling technique that
was described. The system parameters are similar to the com-
mercially available AFM tapping-mode cantilever (MPP-1110,
Veeco) listed in Table 2 [8]. The cantilever is driven at its reso-
nance frequency, ω0 = 2π f0. The damping coefficient is given
by c = mω0/Q ; the Hamaker constant is H = 6.0(10−20) J;
elastic modulus of tip and sample is Es = Et = 120 GPa; Pois-
son coefficient of tip and sample is vs = vt = 0.5; the surface
energy of the sample is γsv = 75mJ/m2; and the surface energy
of water is γw = 72 mJ/m2. The responses are validated with
Zitzler et al. experiments [6].
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Beam length L 120 µm
Beam width W 35 µm
Beam thickness H 4 µm
Tip radius R 20 nm
Intermolecular distance a0 0.103 nm
Water film thickness h 0.2 nm
Capillary force turns on don 0.4 nm
Capillary force turns off doff 2.32 nm
Quality factor Q 400
Resonance frequency f0 280 kHz
Figure 2: Distance dependence of the force Fts between tip and sample occurs
in every single oscillation.
3.2. Contact mechanics in the presence of capillary force
In tapping-modemicroscopy, the tip only comes into contact
with the sample intermittently. Figure 2 shows the separation
dependence of the contact forces in the presence of the capillary
force. By approaching the sample, the water meniscus forms
at some specific distance from the sample (don) and, while
retracting, it breaks at a larger distance from the sample (doff).
The formation and rupture of the capillary bridge at different
separation distances is the origin of the energy dissipation
and makes a hysteretic loop between the approaching and theFigure 4: Schematic of an uneven surface topography.
retracting branches of the force curve in the contact model.
This affects the AFM dynamics and can produce bifurcation and
bistability.
3.3. Cantilever response to a flat surface
The model previously described was implemented in
MATLAB using ODE45. Figure 3 shows how the probe taps along
a flat surface after having been started from rest. The straight
horizontal lines indicate when the tip moves into another
region of the forces, as shown in Figure 2. As the cantilever
passes the first horizontal line (the upper one), itmoves into the
zone of long range attractive forces and then, as it gets closer,
it enters into the strongly repulsive zone in which the probe
spends a minimal amount of time. As this was a flat surface,
parameter d0 was given a fixed value of 30 nm.
3.4. Cantilever response to an uneven surface
Figure 4 shows the schematic of a single line of an uneven
surface, the TMAFM response to which we wish to study when
it is passing along it. For the simulation, we have assumed that
the cantilever holder is fixed in the Z direction during the single
line scan and the changes in vibration amplitude and the effects
of higher harmonic modes are being analyzed. The cantilever
is driven at its natural frequency, ω1, and in the separation of
d0 = 30 nm from the sample. The flexible beam model carries
the information of higher harmonic modes. Figure 5 shows the
first, second and third mode responses of the cantilever to the
single line of the uneven surface. It is seen that the highermodes
are more sensitive than the first natural mode when contacting
on the uneven surface. However, it can also be observed that the
higher harmonicmodes have smaller amplitude and, so, it is not
easy to excite the cantilever in its other natural frequencies due
to their small vibration amplitude.Figure 3: Dynamic response of the system on a flat surface.
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In this section, using parameters of Table 2, the dynamics
of the system are studied using forward time simulation. The
free vibration amplitude is A0 = 21 nm. We have traced the
periodic steady state attractor, and the chaotic response of the
system as d0 is varied. Figure 6 shows theminimum tip–sample
distance versus equilibrium separation during an oscillation.
Here, 100 values of q are sampled at local minima in the
tip–sample separation after an initial transient period of 1000
cycles of the drive. This is repeated, as the value of d0 is
decreased in steps of 0.05 nm. For the case of a periodic solution
with a period equal to the drive period, the data yield a single
point for some particular values of d0, whereas a scatter of
points corresponds to more complexity. d > a0 indicates no
contact with the discontinuity trigger function at d0 = a0
and consequently switching from ib = 1 to ia = 2; d = a0
indicates grazing contact, and d < a0 indicates penetration. For
the noncontacting oscillation, at a critical separation of d0 ≈
21.4 nm, the results indicate that the solution jumps frombeing
simply periodic to high periodic. The high periodic behavior
persists until the separation is d0 ≈ 18.1 nm. At d0 ≈ 18.1 nm,
grazing contact happens between the noncontacting oscillation
and the discontinuity corresponding to the appearance of the
capillary force. This behavior continues until the separation
is d0 ≈ 18.1 nm. Over the separation range 4.7 nm < d0 <
18.1 nm, the solution remains periodic. However, at d0 ≈
4.7 nm, the solution is again high periodic and continues until
d0 ≈ 1.5 nm.
The windows of high periodicity can be seen more clearly
in Figure 7. On the other hand, for the contacting oscillation
(d < a0), the index is i = 2 along the branch and the solution is
periodic.
Figure 7 shows the high periodic response of the cantilever
obtained by initializing the forward-time simulation with the
grazing periodic trajectory.
The oscillation amplitude and phase are the key exper-
iment parameters measured in Amplitude Modulation AFM
(AM-AFM), which clarifies the operation of the system.
Figure 8 represents the Amplitude–Phase–Distance (APD)
curves. In the diagram of amplitude versus separation, theFigure 6: Diagram of minimum tip–sample separation of the system obtained
by numerical simulation using forward-time simulation.
lower branch belongs to a simulation that begins from nor-
malized separations greater than one (separations greater than
the free vibration amplitude); it initially undergoes free oscil-
lations represented by the horizontal line, then the amplitude
of the oscillation goes to zero as the separation is decreased.
There is an almost linear reduction of the amplitude by decreas-
ing tip–sample separation, d0. By using random proper initial
conditions, the higher amplitude solution given by the upper
curve is found. By using random initial conditions, the coex-
istent of two oscillation states and a hysteretic loop are found
near d0 = 18.5 nm. When the tip is approaching sample tran-
sition from low to high, amplitude solution happens in a sepa-
ration, which is different from the separation where transition
from high to low amplitude solution happens in the time of re-
tracting from the sample; thismakes a hysteretic loop. This loop
causes an ambiguity in the operation of the system. This phe-
nomenon is produced by the attractive and repulsive regimes
in AFM dynamics. This hysteretic loop demonstrates the bista-
bility of the nonlinear oscillator for this specific range of
parameters.
126 M.H. Korayem et al. / Scientia Iranica, Transactions B: Mechanical Engineering 18 (2011) 121–129Figure 7: Windows of chaotic response.
In the diagram of phase versus separation of Figure 8, two
branches are also found for the states of approaching and
retracting. The upper curve branch belongs to low amplitude
and the lower curve belongs to high amplitude solution. For
high amplitude solution, there was a transition from higher to
lower values of phase difference (∆ϕ) in a separation.
The hysteretic loop depends on the free oscillation ampli-
tude (A0). If the free oscillation amplitude exceeds certain criti-
cal amplitude, the amplitude and phase-distance curves show a
hysteretic loop and a transition from an attractive force regime
to a repulsive regime.
3.6. Power dissipation
A commonly used approach in the experimental measure-
ment of the dissipated power (P¯tip) is to assume a sinusoidal
steady-state response, which yields [19]:
P¯tip = kcA
2ω0
2Q

A0
A
sinϕ − 1

, (13)
where A0 is the free amplitude of oscillation (here 21 nm), A and
ϕ are, respectively, the amplitude and phase of the oscillation,
kc is the cantilever spring constant, Q is the quality factor andFigure 8: Diagrams of amplitude and phase versus variations of separation. The
excitation frequency is equal to the cantilever natural frequency.
ω0 is the cantilever natural frequency. Eq. (13) implies that if
oscillation amplitude A is kept constant by a feedback loop, as
is commonly done in a tapping mode, simultaneously acquired
phase data can be interpreted in terms of energy dissipation.
Figure 9 shows the result for power dissipation, based on results
obtained in Figure 8, in the presence of a water film with
thickness h = 0.2 nm. At large separations (greater than free
vibration amplitude), the dissipation power is zero, increases in
the region from 21 to 18.5 nm and then reaches its maximum
value, 1.25 pW. The smooth behavior of the region, 18.5 <
d0 < 21 nm, is related to the smooth onset of the capillary
force. After this region, in smaller separations, the responses
are unbalanced and get larger. This behavior is dependent
on transition to high amplitude solutions. In high amplitude
contact, the cantilever tip contacts the sample surface and, so, in
each oscillation, it contacts the water layout and retracts from
that. In this region, there is a plateau with an average power
dissipation of P¯tip = 1.25 pW. From the product of the area
of the hysteretic loop and the resonance frequency, we obtain
a slightly larger value for the expected dissipation of P¯tip =
1.5 pW.
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qmax (nm) Difference Between Low and High Solution d0 − qmax (nm) (high-amplitude) d0 − qmax (nm) (low-amplitude) h (nm)
22.94 0.46 −0.20 0.26 0.15
22.85 0.56 −0.21 0.35 0.2Figure 9: Diagram of power dissipation versus changes of separation.
Figure 10: Branches of steady state attractors for different values of the water
layout thickness h. A: h = 0.2 nm, B: h = 0.15 nm.
3.7. Influence of relative humidity on minimum tip–sample
distance of AFM
To investigate the influence of relative humidity on the dy-
namics of the AFM, we study the steady state attractors, using
forward time simulation as a function of water film thickness,
h. Simulations have been performed for h = 0.2 nm and h =
0.15 nm. Figure 10 shows the branch of steady state attrac-
tors for these different values of humidity. Curve A shows sim-
ulations for h = 0.2 nm and curve B shows simulations for
h = 0.15 nm. The simulation results suggest that by increas-
ing the water film thickness, the branch of periodic attractors
becomes wider and consequently the irregular or high-periodic
dynamics becomewider. Also, when the AFM oscillates in a less
humid environment, the amplitude of oscillation correspondingto the branch of low-amplitude solutions is larger than the am-
plitude of oscillation in an environment with more relative hu-
midity. Table 3 shows that by increasing h, the high-amplitude
oscillation remains constant, while the low-amplitude solution
decreases in each separation. Thedifference between the result-
ing amplitudes is more significant for low-amplitude branches
than for high- amplitude branches.
3.8. Influence of relative humidity on hysteretic loop
To specify the influence of relative humidity on the
hysteretic loop of the AFM, we study the APD curves as a
function of water film thickness, h. Simulations have been
performed for A0 = 21 nm, h = 0.2 nm, and h = 0.15 nm.
Figure 11(a) shows the amplitude curve when h = 0.2 nm, and
Figure 11(b) shows the amplitude curve when h = 0.15 nm.
The simulation shows that by increasing film thickness, h,
the hysteretic loop and the transition from attractive force to
a repulsive regime happen in a larger separation d0. When
h = 0.2 nm, transition has occurred in d0 = 18.5 nm, and
when h = 0.15 nm, transition has occurred in d0 = 18 nm.
Figure 12 shows the sensitivity of the phase curve to different
values of humidity, h = 0.2 nm (Figure 12(a)), and h = 0.15 nm
(Figure 12(b)).
3.9. Influence of relative humidity on power dissipation
For studying the sensitivity of power dissipation to relative
humidity, simulations have been performed for A0 = 21 nm,
h = 0.2 nm and h = 0.15 nm. Figure 13 shows that by
increasing water film thickness, h, the power dissipation will
be increased. For h = 0.2 nm, power dissipation is P = 1.5 pW
and, for h = 0.15 nm is P = 1.1 pW.
4. Conclusion
In this paper, we modeled and studied a TMAFM cantilever
based on the flexible beam theory in the presence of capillary
force, which is a common environmental condition when
we operate the system in air. A proper simulation based on
the discontinuous, nonlinear, hysteretic and hybrid dynamical
system was developed to analyze the dynamics of the
cantilever–tip–sample system. This proper way of simulation
can display the bistability, chaos and bifurcations in the
dynamics of the system. A continuous beam model can drive
the dynamics of the system more precisely. It was shown that
the higher modes are more sensitive to the changes in surface
topography. The distance dependence of the interaction force
between the tip and the sample was extracted.
For studying the dynamics of the system, diagrams of am-
plitude and phase versus separation were extracted. Bistability
and also the occurrence of a hysteretic loop were found in the
obtained diagrams. For analyzing the effect of capillary force,
a diagram of the minimum tip–sample distance was extracted.
In the diagram, it was seen that whenever the tip approaches a
distance equal to the distance of the capillary force turn on, the
dynamic of the system was high periodic or chaotic, and in the
128 M.H. Korayem et al. / Scientia Iranica, Transactions B: Mechanical Engineering 18 (2011) 121–129Figure 11: Sensitivity of amplitude curve to different values of humidity. (a) h = 0.2 nm. (b) h = 0.15 nm.Figure 12: Sensitivity of phase curve to different values of humidity. (a) h = 0.2 nm. (b) h = 0.15 nm.Figure 13: Sensitivity of power dissipation to different values of humidity. (a) h = 0.2 nm. (b) h = 0.15 nm.separation where the tip does not approach the distance where
capillary force begins or passes from this region, the responses
are periodic. In the windows of irregular response there were
many points, but in the regions of periodic solution there were
found just one point.
The formation and rupture of the capillary neck leads to
additional energy dissipation. The average power dissipation
was simulated based on tip–sample interaction.
We also studied the sensitivity of the dynamics of the system
to relative humidity. We found that when AFM oscillates in
a less humid environment, the amplitude of the oscillation
corresponding to the branch of the low-amplitude solutions is
larger than the amplitude of oscillation in an environment withmore relative humidity; but the high-amplitude of oscillation
remains constant. We also measured the influence of relative
humidity on APD curves and power dissipation.
This simulation provides amore accurateway to validate the
design of an AFM probe and its controller.
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